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Abstract  
  A class of nanoporous TiO2 gas sensors processed by novel anodic aluminum oxidation (AAO) of Al thin films and micro-
electromechnical systems (MEMS) techniques are presented. To enhance the sensitivity and reduce the sensing dimensions of a 
gas sensor, a nanoporous surface of the gas-sensitive material on the sensor is required. These sensors can be implemented on 
silicon or silicon dioxide substrate featuring a thin membrane of micro-hotplate structure featuring micro-heaters, thermometers 
and electrodes, and thus operate as chemoresistive devices. Combining the AAO method with dry-etch process, a homogeneous 
and nanoporous SiO2 surface of the sensor can be effectively configured by modulating various hole diameters and depth, hence 
replacing conventional photolithography and electrochemical etch. The process integration including AAO, reactive ion etch 
(RIE) and microfabrication is mainly developed and a feasibility study of PVD TiO2 thin film deposition upon the porous device 
is also provided. TiO2 thin films deposited on the nanoporous surface are investigated and compared with non-porous TiO2 films. 
It is encouraging that our fabrication process is able to provide relatively high surface area to enhance sensitivity of the sensor 
without additional doping steps. Our promising experimental results have revealed these miniature and cost-effective devices are 
not only compatible, but applicable to smart bio-chemical sensors of next generation.   
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1. Introduction 
Of all gas sensors, chemoresistive gas sensors have been most developed and widely used in industrial 
applications and environmental control. Various gas-sensing materials such as ZnO, SnO2, TiO2 and CNTs have 
been investigated to detect hazardous and combustible gases. Recently, along with widespread applications of 
nanostructural materials such us nanotubes, nanoparticles, nanobelts and nanowires, corroborated smaller materials 
dimension and extensive surface area could dramatically improve sensitivity and response time. Lately we presented 
micro gas sensors fabricated by the SOI technology and are fully CMOS compatible [1-2]. To enhance sensor 
sensitivity and reduce sensor dimensions it is required to have a porous surface for gas sensors. Conventional 
poration approaches mainly include lithographic dry etch and electrochemical HF wet etch [3]. However, the former 
is limited by optical resolution and unable to achieve nanoporosity; the latter is still hard to regulate uniform pore 
size and density though it was able to perform nanoporosity. Alternatively, one may use mesoporous carbon 
powders as the gas-sensitive film with employment of the dielectrophoresis (DEP) process [4]. Yet the 
immobilization of nanopowders to the sensor is still needed to further improve. In this paper we aim to present a 
novel approach to produce nanoporous gas sensors which combine thin film AAO process with MEMS 
micromachining. AAO process was previously known and studied to generate Al2O3 nanotubes or solar cells [5-7]. 
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Compared to the previously mentioned poration methods AAO process demonstrates nano-scale pores, better 
density enhancement, and this make it proficient to act as a dry-etching mask on a silicon substrate.  
2. Device and fabrication 
Figure 1 depicts the cross-sectional illustration of a designed gas sensor. The sensor can be made by standard 
MEMS technologies and our revised AAO process, followed by a bulk back-etch with KOH or TMAH etchants to 
form the membrane in which a thick oxide layer of 1.5 μm is applied as an etch stop [1]. Comparisons with the early 
developed AAO methods, our AAO process developed in our laboratory was adjusted and simplified so that merely 
one pore widening step was required and the barrier layer in the bottom part could be easily removed by RIE process. 
 
(a) A perspective illustration of the sensor device                                                            (b) A cross-section of the nanoporous sensor 
Fig. 1: Schematic diagrams of a micro-hotplate gas sensor covered with a nanoporous gas-sensing film. 
 
The AAO process flow is shown in figure 2. In the beginning the silicon wafer was deposited with 1.5 μm of 
PECVD silicon dioxide, then followed by masking and etching steps of pattern definition. A lift-off process was 
carried out prior to 1 μm of aluminium thin film sputtering deposition onto silicon dioxide. The AAO process was 
then performed by using 0.3 M oxalic acid solution at 4°C for 90 minutes, followed with addition of 3 % of 
phosphoric acid for 4 hours at room temperature. Current during the AAO process was closely monitored under dc 
55~60 volts and it drastically dropped to low current which initiates the oxidation procedure. Finally, the aluminum 
oxide nanotubes acted as an dry-etch mask (see figure 3(a)), and RIE process etched through Al2O3 to form 
nanoporous pores ranging 500~750 μm on silicon or silicon dioxide (see figure 3(b)). After removal of aluminum 
oxide, a gas-sensitive layer such as polycrystalline PVD TiO2 of 260 nm thick, as seen in figure 4, was sputtered 
onto the silicon dioxide to configure highly nanoporous thin films for gas detection. 
 
Fig. 2: Revised thin film AAO process flow.        
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 (a)              (b) 
Fig. 3: SEM images of nanoporous geometry uncovered by TiO2 thin film:(a) aluminum oxide etching mask;(b) nanoporous Si surface. 
 
3. Verification of nanoporous TiO2 thin films 
 
To characterize the surface geometry of as-deposited TiO2 layer, scanning electron microscopy (SEM) image was 
employed and obtained as shown in figure 4. As one can see that most pore-like cavities formed by AAO process 
have been covered with the TiO2 layer, thus configuring as valleys and appearing as black background in figure 4; 
meanwhile the deposited TiO2 thin film on the flat surface finally built up as peaks and exhibited as white zones in 
the micrograph. In addition, X-ray diffractive (XRD) analysis was carried out to verify the compositions and 
crystalline structure of the TiO2 layer, as shown in figure 5. It was noted that a full-range angle scan was typically 
employed and the XRD result confirmed a prominent intensity peak at 2-theta degree of 24.97°, which can be 
explained as a crystalline structure of anatase based on JCPDS database and considered suitable for gas detection [8]. 
Fig. 4: The SEM image of nanoporous geometry of the active sensing area, covered by 260 nm TiO2 thin film. (Left)   
Fig. 5:  The XRD result of ananoporous TiO2  thin film.(Right) 
4. Experimental results  
Experimental results addressing corresponding gas response to different oxygen concentrations were successfully 
achieved by a standard test system in our laboratory. A series of operating temperatures of the sensor from room 
temperature (~ 31°C) to 500°C have been investigated and results indicated that the TiO2 gas sensor only exhibits 
significant response to specific oxygen concentrations at 500°C either with nanoporous or non-porous thin films. 
The sensor was heated up to 500°C  by a PID heater to enhance sensitivity and chemical adsorption. A pure argon 
gas (99.9%) was employed as the carriage and purge gas. Our experimental results on nonporous and non-porous 
devices, as illustrated in figure 6 and 7, have revealed distinct resistance change of the sensor at 4000, 5000 and 
6000 ppm of oxygen, respectively. It was observed that temporal response of electrical resistance to a constant 
oxygen concentration may i finally saturate in about 2 minutes. Besides, comparing figure 6 with figure 7, one can 
observe that less noisy response signals and faster response times were obtained in the nanoporous TiO2 sensor 
rather than non-porous one. More importantly, the sensitivity of the sensor, defined as S = ΔR/R where ΔR is the 
difference of electric resistance after gas exposure and R the resistance in the air, was found significantly improved 
if the TiO2 active film is porous, as shown in figure 8.  
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Fig. 6: Gas response of sensor resistance to different oxygen concentrations at 500 ℃ with non-porous TiO2 active film. (Left)   
Fig. 7: Gas response of sensor resistance to different oxygen concentrations at 500 ℃ with nanoporous TiO2 active film.(Right) 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Comparisons of sensor sensitivity of nanoporous and non-porous TiO2 active films at 500 ℃.  
5. Conclusions 
A new approach to fabricate nanoporous anodic aluminum oxide structure as well as generate an effective etching 
mask for nanoporation on silicon or oxide surface is described. This new method is mainly developed in view of 
highly porous surface that is believed to enhance sensor sensitivity and reduce sensor dimensions by integrating 
simple, low-temperature AAO and MEMS processes.  Preliminary results reveal a satisfactorily nanoporous TiO2 
thin film geometry on the dielectric membrane surface and outstanding gas response in terms of less noise, fast 
response time and improved sensitivity. We could attribute these advantages to higher specific surface area in 
nanoporous TiO2 thin films fabricated by our novel AAO approach. 
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